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Wear and factorial designThe effect of periwinkle shell particle size on the wear behavior of asbestos free brake pad has been inves-
tigated. The asbestos free brake pad produced by varying the periwinkle shell particles was from +125 to
+710 lm with phenolic resin as the binder. The wear test was performed using pin on disk machine by
varying the sliding speed, applied load, temperatures and periwinkle shell particle size. Full factorial
design of four factor-two levels and analysis of variance were used in the study of the wear test. The
results shown that wear rate increases with increasing the sliding speed, load, temperatures and periwin-
kle particle size. The co-efﬁcient of friction obtained is within the recommended standard for automobile
brake pad. The +125 lm particles of periwinkles gave the best wear resistance. Factorial design of the
experiment can be successfully employed to describe the wear behavior of the samples and developed
linear equation for predicting wear rate within selected experimental conditions. The results of this
research indicate that periwinkle shell particles can be effectively used as a replacement for asbestos
in brake pad manufacture.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Automotive and truck brake pads and shoes usually contain a
binder, performance modiﬁers, abrasives, lubricants, and ﬁllers in
varying composition [1]. Nicholson [2] asserts that volume percent
is the correct unit of measure for friction material composition.
While the exact compositions of commercial friction materials
are almost never published in the open literature, the constituent
of the brake pad material are normally made known. One of the
most used constituents over the years is asbestos. Asbestos is hy-
drated magnesium silicate [2–4]. According to Nicholson [2] the
positive characteristics of asbestos are: asbestos is thermally stable
upto 500 C above which it produces silicates, asbestos helps
regenerate the friction surface during use, silicates produced by
asbestos are harder and more abrasive than asbestos, asbestos
insulates thermally, it processes well, it is strong yet ﬂexible, and
is processed as available at a reasonable cost.
However, medical research has proved that asbestos ﬁbers can
lodge in the lungs and induce adverse respiratory conditions [3–
5]. As a consequent of this, the USA Environmental ProtectionAgency1986 announced a proposed ban on asbestos [6]. This action
opened a wide door to the development of asbestos – free brake
pads through different researchers.
Gopal et al. [7] used a chase friction material testing machine in
studying fade and wear characteristics of a glass ﬁber-reinforced
phenolic friction material. At low counterface temperatures the
friction material showed relatively a high coefﬁcient of friction
range of 0.4–0.5.
Smart and Chugh [8], worked on the development of ﬂy-ash
based automotive brake linings. They developed friction composite
using ﬂy ash obtained from a speciﬁc power plant in Illinois. Addi-
tives such as phenolic resin, aramid pulp, glass ﬁber, potassium
titanate, graphite aluminum ﬁber and copper powder were used
in the composite development phase in addition to ﬂy ash. The
developed brake lining composites exhibited consistent coefﬁcient
of friction in the range of 0.35–0.4.
Dagwa and Ibhadode [4]: developed asbestos free friction lining
material from palm kernel shell. In the study the mechanical and
physical properties as well as the static and dynamic performance
compared well with commercial asbestos-based lining material.
The results showed that the co-efﬁcient increases in decreasing
the particle size of the palm kernel shell.
Recently Aku et al. [9], studied the characterization of periwin-
kle shell as asbestos-free brake pad material. They found out that
periwinkle shell is an agricultural waste. The waste is produced
in abundance globally and poses risks to human as well as environ-
mental health. Thus their effective, conducive, and eco-friendly
110 S.G. Amaren et al. / Results in Physics 3 (2013) 109–114utilization has always been a challenge for scientiﬁc applications.
The characterization of the periwinkle shell was investigated
through X-ray diffractometer (XRD), thermogravimetric analysis
(TGA/DTA), Fourier transform Infar red spectrometry (FTIR), and
X-ray Fluorescent spectrometry (XRF), density, hardness values
and wear rate of the periwinkle shell were also found. The results
obtained are comparable with those of asbestos commonly used in
brake pad production. There results conﬁrmed that periwinkle
shell can be used as a material for brake pad production. The forgo-
ing research motivated the present work, which is the study of the
effect of periwinkle shell particles on the wear behavior of asbestos
free brake pad material.2. Materials and method
2.1. Materials/equipment
The materials and equipment used during the course of this
work are: Phenolic resin (phenol formaldehyde), periwinkle shell,
Hydraulic press, brake pad mold, heater, scanning electron micro-
scope (SEM), Denver cone rusher, Denver roll Crusher, Denver ball
milling machine, and a set of sieves of +125 lm, +250 lm,
+355 lm, +500 lm and +710 lm, digital weighing machine and
pin on disk machine.0
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Fig. 2. Wear (mg) at varying load at constant speed 2.4 m/s, time 45 min at 150 C.
Fig. 1. Photograph of periwinkle shell powder.2.2. Method
Fifty kg of weighed dried Periwinkle shell was sun dried, fol-
lowed by oven drying at 105 C for 5 h until the moisture was com-
pletely removed. This was then charged into Denver cone crusher
and reduced to between 4 mm to 3 mm. This was further charged
into roll crusher that reduced the size of periwinkle shell to be-
tween 2 and 1 mm (See Fig. 3).
The product of roll crusher was transferred into ball milling ma-
chine and was left in the mill for two(2) hours; after which the
product was transferred into set of sieves of seizes;+710 lm,
+500 lm, +355 lm, +250 lm, +125 lm and sieved for 30 min using
sieve shaker. Sieve sizes above +710 lm were reprocessed and
passed through the sieves again.
The Periwinkle shell sieve sizes of +125 lm, +250 lm, +335 lm,
+500 lm and +710 lm, were mixed with 35 wt% phenolic resin.
Thirty (30) test samples from each of the sieve size were produced
using this sieve sizes. Each blend (30 wt% phenolic resin + 65 wt%
periwinkle shell particles) was homogeneously mixed for a period
of ﬁve minutes before transferring it to a mold at a pressure of
15.5 bar and a temperature of 160 C for 1.5 h was used in produc-
tion of the test samples. The samples were post cured at 140 C for
4 h [1–4].
A pin-on-disk test apparatus was used to investigate the dry
sliding wear characteristics of the samples as per ASTMG99-95
standards [3]. Wear sample 20 mm in diameter and 40 mm high
was used and polished metallographically. Wear tests were con-
ducted with loads ranging from 40 to 120 kg and sliding speeds
of 0.8–2.4 m/s at 150 C and 250 C at a constant sliding distance
of 5000 m. The high decomposition temperature of periwinkle
shell (500–900 C) as result of the presence of calcium oxide makes
it possible for the test to be carried out at this high temperature [9].
The initial weight of the sample was measured using a single
panel electronic weighing machine with an accuracy of 0.0001 g.
During the test, the pin was pressed against a counter part rotating
against an EN32 steel disk (hardness 65HRC) of counter surface
roughness of 0.5 lm by applying the required load.
Factorial design and linear regression techniques have been
widely used in engineering analysis. These techniques consist of
plan of experiments with an objective of acquiring data in a con-trolled way, executing these experiments in order to obtain infor-
mation about the behavior of a given process. Representing the
wear rate value by W, the response function can be expressed by
the equation below:
W ¼ f ðA;B;C;DÞ ð1Þ
where A = Sliding speed, B = applied load, C = Temperatures,
D = periwinkle size.
The model selected includes the effects of main variables ﬁrst-
order and second-order interactions of all variables. Hence the gen-
eral regression equation is written as:
W ¼ bo þ b1Aþ b2Bþ b3C þ b4Dþ b5ABþ b6AC þ b7AD
þ b8BC þ b9BDþ b10CDþ b11ABC þ b12ABDþ b13ACD
þ b14BCDþ b15ABCD ð2Þ
where bo is average response of W and b1, b2, b3, b4, b5, b6, b7, b8, b9,
b10, b11, b12, b13, b14, and b15, are coefﬁcients associated with each
variable A, B, C, D and interaction. Cube plots were obtained based
on the effect of four factors to study their interactions on coefﬁcient
of friction at different conditions. In order to determine the devel-
oped model, experimental data were substituted in the model equa-
tion at various conditions. The analysis of variance (ANOVA) was
also used to investigate which design parameters signiﬁcantly affect
the quality characteristic.
3. Results and discussion
Figs. 2–4 show the variation of wear rate with sliding speed, ap-
plied load and temperatures with the different periwinkle sizes.
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Fig. 5. Coefﬁcient of friction at varying load at constant speed, time at 150 C.
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Fig. 8. Coefﬁcient of friction at varying speed at constant load, time at 250 C.
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with increase in sliding speed, load and temperatures (See Figs. 2–
4). The +710 lm sample exhibited a higher wear than the other
samples at the same conditions of sliding speed, load and temper-
atures. As the sliding speed and temperature increased the wear
rate of the brake sample increased. Heavy noise and vibration as
well as the transfer of the pin material to the disk were observed
during this process. Also Figs. 2–4 shows that the wear rate has a
direct relationship with the applied load. It is quite natural for
the wear rate to increase with applied load and this is in confor-
mance with similar trend observed independently for different
wear distances as a function of load and speed [2,10]. Conse-
quently, the effect of periwinkle size on the brake pad composite
wear resistance is better for low loads. With higher loads contacttemperatures become high and plastic deformation occurs with
consequence of very high wear.
On the other hand, the wear rate decreases with the decrease in
the periwinkle shell particle size. Thus smaller particle size has a
positive effect on the wear behavior of the samples (See Figs. 2–
4). This can be attributed to as the periwinkle size increases; there
is an increase in interfacial area, this increase in interfacial area re-
sults into poor interfacial bonding and inefﬁcient stress transfer
between particles and the resin [10]. Also smaller particles have
a higher total surface energy for a given particle loading. Wear de-
creases with increasing surface area of the particles through a
more efﬁcient stress transfer mechanism [8].
The decrease in wear rate of the periwinkle based brake pad
composites may also be attributed to higher load bearing capacity
of hard material and better interfacial bond between the particle
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Table 1
Design layout and response data for Wear study.
Standard A
(Speed)
B
(Load)
C
(Temperature)
D
(Periwinkles size)
Coefﬁcient
of friction
1 2.4 40 250 125 0.445
2 2.4 40 150 125 0.451
3 0.8 40 250 125 0.362
4 0.8 120 150 125 0.355
5 2.4 120 150 125 0.390
6 0.8 120 250 125 0.352
7 2.4 120 250 710 0.410
8 2.4 120 250 125 0.382
9 0.8 120 150 710 0.366
10 0.8 40 150 710 0.393
11 0.8 40 150 125 0.420
12 0.8 40 250 710 0.352
13 0.8 120 250 710 0.360
14 2.4 40 150 710 0.466
15 2.4 40 250 710 0.464
16 2.4 120 150 710 0.410
Table 2
ANOVA of the co-efﬁcient of friction analysis.
Source Some of squares DF Mean square F values P values
Model 0.16 13 0.013 22.91 0.0426
C 7.526E-003 1 7.526E-003 13.61 0.0663
D 0.019 1 0.019 34.56 0.0277
AB 6.848E-003 1 6.848E-003 12.38 0.0721
AC 0.019 1 0.019 34.56 0.0277
AD 8.145E-003 1 8.145E-003 14.73 0.0617
BC 8.603 E-003 1 8.603E-003 15.55 0.0587
BD 0.018 1 0.018 31.86 0.0300
CD 0.015 1 0.015 27.91 0.0340
ABC 0.02 1 0.02 35.57 0.0270
ABD 0.012 1 0.012 20.80 0.0449
ACD 0.013 1 0.013 23.81 0.0395
BCD 0.014 1 0.014 25.71 0.0368
ABCD 0.012 1 0.012 22.58 0.0415
Residual 1.106E-003 2 1.106E-003
Cor Total 0.17 15
112 S.G. Amaren et al. / Results in Physics 3 (2013) 109–114and the resin reducing the possibility of particle pull out which
may result in higher wear. The wear rate obtained for these brake
pad composites at +125 to +250 lm falls within the automotive
standard ranges for the production of automotive brake pads [10].
Figs. 5–9, show variation of co-efﬁcient of friction with different
applied loads, sliding speed and temperatures. The co-efﬁcient fric-
tion of the samples decreases as the applied load, sliding speed and
temperatures increase, while it increases with the decrease in per-
iwinkle shell particle size.
The friction coefﬁcient (l) decreases when the applied loads,
sliding speed and temperatures increased. The amplitude of the
friction ﬂuctuations was seen at all the stages. Due to sliding sur-
face irregularities, the temperatures, speed and applied load cause
a typical stick–slip oscillation as observed in the frictional proﬁles.
This decrease could be explained by the appearance of signiﬁcant
plastic deformation of the pin surface. Again the effect of periwin-
kle shell particles shows a marked effect as higher friction was re-
corded for brake pad composites as the particle size decreased.
This marginally higher friction coefﬁcient can be attributed to
the great number of particles present in the brake pad composites
these are in agreement with the work of Sasaki [10] and Aigbodion
et al. [3].
It is noteworthy that the lower the periwinkle shell particle size,
the higher is the friction coefﬁcient and the observations made
above could be due to the formation of tribo-layer formed during
the initial stage of wear which contributes toward overcoming
the roughness of machine marks on the samples. Once this layer
reaches some critical thickness, dynamic competition between
material transfer processes (transfer of material from pin onto disk
and formation of wear debris) [11–12].
The developed brake pads with +125 lm periwinkle shell parti-
cle size provided a greater friction coefﬁcient than the +710 lm
periwinkle shell particle size. Increases in friction coefﬁcient do
not tend to have higher wear rate, the above results are consistent
with the one reported by Nicholson [2]. The friction coefﬁcient ob-
tained falls within the industrial standard ranges of 0.3–0.45 for
automotive brake pad system [2].
ANOVA was used to determine the design parameters signiﬁ-
cantly inﬂuencing the coefﬁcient of friction (response). Table 1,
shows the design layout and response data used in the modeling
process.
Table 2, shows the results of ANOVA for friction coefﬁcient. This
analysis was evaluated at a conﬁdence level of 95%, that is for a
signiﬁcance level of a = 0.05[3]. The last column of Table 2 shows
the contribution (P) of each parameter on the response, indicating
the degree of inﬂuence on the result. It can be observed from theresults obtained in Table 2, that periwinkle shell size (D) was the
most signiﬁcant parameter having the highest statistical inﬂuence
on the friction coefﬁcient of the developed brake composites
followed by the interactions (see Table 2 and Figs. 9–13).
The Model F-value of 22.91 implies the model is signiﬁcant.
There is only a 4.26% chance that a ‘‘Model F-Value’’ this large
could occur due to noise. Values of ‘‘Prob > F’’ less than 0.0500 indi-
cate model terms are signiﬁcant. In this case D, AC, BD, CD, ABC,
ABD, ACD, BCD, and ABCD are signiﬁcant model terms. Values
greater than 0.1000 indicate the model terms are not signiﬁcant.
When the P-value for this mode is less than 0.05, then the
parameter or interaction can be considered as statistically signiﬁ-
cant. From the analysis of the results obtained in Table 2, it is clear
that the periwinkle shell particle size (D), the interaction effect of
speed with temperature(A⁄C), effect of load with periwinkle shell
particle size (B⁄D), effect of temperature with periwinkle shell par-
ticle size (C⁄D), the interaction effect of speed, load with tempera-
ture (A⁄B⁄C), effect of speed, load with periwinkle size particles
(A⁄B⁄D), effect of speed, temperature with periwinkle shell particle
size (A⁄C⁄D), effect of load, temperature with periwinkle shell
particle size (B⁄C⁄D) and effect of speed, load, temperature with
periwinkle shell particles size (A⁄B⁄C⁄D) are signiﬁcant model
terms inﬂuencing friction coefﬁcient of brake pad composites,
since they have P-value < 0.05 these effects can be seen clearly in
Figs. 9–13.
The coefﬁcient of determination (R2) is deﬁned as the ratio of
the explained variation to the total variation. It is the measure of
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model results and it ﬁts the actual data. The value of R2 calculated
for this model was 0.9930, i.e., reasonably close to unity, and thus
acceptable. It concluded that 99.30% of the data can be explained
by this model. It shows that this model provides reasonably a good
explanation of the relationship between the independent factors
and the response.
A regression equation obtained (see Eq (3)) establishes a corre-
lation between the signiﬁcant terms obtained from ANOVA,
namely, speed, load, temperature, periwinkle shell particle size
content and their interactions. The regression equation developed
for friction coefﬁcient is:Coefficient of friction ¼ þ0:370:022C  0:025D
þ 0:021ABþ 0:035AC  0:023AD
 0:023BC þ 0:033BDþ 0:031CD
 0:035ABC þ 0:027ABD
þ 0:029ACD 0:030BCD
 0:028ABCD ð3Þ
The Eq. (3), can be used to predict the friction coefﬁcient of the
developed brake pad composites. The constant in the equation is
the residue. The regression coefﬁcient (R2) obtained for the model
was 0.9930 and this indicates that friction coefﬁcient was not scat-
tered [5].
The coefﬁcient associated with temperature (C) in the regres-
sion equation 3, is positive and it indicates that as the temperature
increases, friction coefﬁcient of the brake pad also increases. The
coefﬁcient associated with periwinkle shell particle size (D) in
the regression Eq. (3) is negative and this suggests that the friction
coefﬁcient of the brake pad composite decreases with increasing
periwinkle shell particle size.
In order to validate the regression model, conﬁrmation test was
conducted with parameter levels that were different from those
used for the analysis. The different parameter levels chosen for
the conﬁrmation test are shown in Table 3. The results of the con-
ﬁrmation test were obtained and a comparison was made between
the actual friction coefﬁcient values and the predicted values ob-
tained from the regression model (Table 3). The error associated
with the relationship between the actual values and the predicted
values from the regression model for developed brake pad compos-
ites was very low (less than 2% error). Hence, the regression model
Table 3
Result of conﬁrmation experiment and their comparison with regression model.
Standard Actual values Predicted values Residual
1 0.42 0.43 -8.125E-003
2 0.45 0.46 -8.500E-003
3 0.35 0.35 8.500E-003
4 0.39 0.38 8.125E-003
5 0.36 0.37 -8.125E-003
6 0.45 0.45 -8.500E-003
7 0.35 0.34 8.500E-003
8 0.38 0.39 8.125E-003
9 0.39 0.40 -8.125E-003
10 0.38 0.39 8.500E-003
11 0.36 0.35 8.500E-003
12 0.41 0.40 8.125E-003
13 0.36 0.35 -8.125E-003
14 0.46 0.47 -8.500E-003
15 0.36 0.35 8.500E-003
16 0.41 0.40 8.125E-003
114 S.G. Amaren et al. / Results in Physics 3 (2013) 109–114developed demonstrated a feasible and effective way to predict the
friction coefﬁcient of the developed brake pad composites.
4. Conclusions
From the results and discussion in this work the following con-
clusions can be made:
1. Periwinkle shell particle brake pads were successfully devel-
oped using a compressive molding.
2. The wear rate increases with increasing the sliding speed, load,
temperature and periwinkle particle size.
3. The co-efﬁcient of friction obtained is within the recommended
standard for automobile brake pads.4. The results of this research indicate that periwinkle shell parti-
cle can be effectively used as a replacement for asbestos in
brake pad manufacture.
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